The antioxidative effect of fullerenes C 60 and C 70 was examined by measuring the inhibition of methyl linoleate (MeL) peroxidation in toluene initiated by 2,2 0 -azobis(2,4-dimethylvaleronitrile) (AMVN). The fullerenes retarded the formation of MeL hydroperoxides and lowered the rate of propagation. The reaction rates of fullerenes with AMVN-derived peroxyl radicals were much higher than that of MeL. These results indicate that fullerenes can act as retarders of lipid peroxidation, though their activity is low compared with that of -tocopherol. 1) It has been reported that C 60 shows stronger effects thantocopherol in the prevention of lipid peroxidation induced by superoxide and hydroxyl radicals.
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Key words: fullerene; lipid peroxidation; antioxidant Fullerenes such as [60] fullerene (C 60 ) and [70] fullerene (C 70 ) are regarded as radical sponges, because they can trap multiple free radicals per molecule. 1) It has been reported that C 60 shows stronger effects thantocopherol in the prevention of lipid peroxidation induced by superoxide and hydroxyl radicals.
2) Watersoluble C 60 derivatives acted as free radical-scavenging antioxidants with activity similar to phenolic antioxidants. 3, 4) Although fullerenes might cause the formation of singlet oxygen when photo-excited and consequently become cytotoxic to cells, 5) they are expected to behave as antioxidants during the peroxidation of unsaturated lipids. The reactivity of fullerenes to free radicals has been confirmed by the values of addition rate constants. [6] [7] [8] Alkyl and alkoxyl radicals appear to have high affinity for fullerenes, whereas relatively low rate constants were observed in the reaction with peroxyl radicals, but the reactivity of lipid-derived peroxyl radicals with fullerenes remains unknown. This report describes the antioxidative effect of C 60 and C 70 on the methyl linoleate (MeL) peroxidation induced by 2,2 0 -azobis(2,4-dimethylvaleronitrile) (AMVN) in toluene solution. We chose toluene as the reacting solvent because of its relative high capacity to dissolve fullerenes. 9) MeL (final concentration 600 mM) containing an antioxidant (final concentration 0.60 mM for C 60 and C 70 , and 0.060 mM for -tocopherol) was dissolved in toluene. To this was added AMVN (final concentration 6.0 mM), and this was incubated at 37 C with mechanical shaking. Periodically, an aliquot of the reaction mixture was withdrawn and injected into high-performance liquid chromatography (HPLC). The amount of MeL monohydroperoxides (MeLOOH) was determined by reversed-phase HPLC with ultraviolet detection.
10) The amount of fullerenes was determined by reversed-phase HPLC with an Inertsil ODS-80A column (4:6 Â 150 mm; GL Sciences, Tokyo) developed with hexane/ethanol (1:3, v/v) at 1.0 mL/min and detected by the absorbance at 330 nm. -Tocopherol was measured by reversedphase HPLC with fluorescence detection. 11) Figure 1 shows the results of the formation of MeLOOH and the depletion of antioxidants during the AMVN-initiated peroxidation of MeL in toluene. C 60 and C 70 at a concentration of 0.6 mM (0.1 mol% to MeL) inhibited the formation of MeLOOH, although they did not produce as clear an induction period as -tocopherol did. The inhibitory effect of C 60 was slightly stronger than that of C 70 . -Tocopherol at a much lower concentration (0.06 mM) suppressed peroxidation completely until it was depleted. When C 60 and -tocopherol were added to the MeL solution, -tocopherol predominantly scavenged peroxyl radicals and inhibited both MeLOOH formation and C 60 depletion until -tocopherol disappeared. These results indicate that C 60 and C 70 are weak antioxidants against peroxyl radicalinitiated lipid peroxidation as compared with -tocopherol. This antioxidative behavior of fullerenes appeared to be similar to that of -carotene, in which the chain-propagating peroxyl radical was trapped by the addition reaction to its conjugated polyene structure. 12, 13) The kinetic parameters of MeL peroxidation in the presence of C 60 or C 70 in toluene were calculated from the rate of MeLOOH formation by the classical rate law. 14, 15) The reaction conditions were as described above, and the initial concentrations of fullerenes were adjusted to 0.2, 0.6, and 1.2 mM. The amounts of MeLOOH were measured at specific intervals, as described above. Since the fullerenes did not produce an induction period, only the rate of peroxidation after the induction period, that is, the rate of propagation (R p ), was obtained from the slope of the curve of MeLOOH formation: 
where k p and k t are the rate constants for the propagation reaction and the termination reaction respectively. The rate constant ratio k p =ð2k t Þ 1=2 is generally referred to as the oxidizability of the substrate.
14) The rate of chain initiation (R i ) by AMVN was determined by the conventional inhibitor method using -tocopherol, for which the stoichiometric number of radicals trapped by -tocopherol is 2: 14) R i ¼ 2½-tocopherol=t inh where t inh is the induction period obtained withtocopherol. Based on the results in Fig. 1 , -tocopherol at an initial concentration of 0.06 mM gave an induction period of 106 AE 5 min. Hence the R i value under this condition was calculated to be ð1:9 AE 0:1Þ Â 10 À8 M s À1 . The kinetic chain length, which gives the number of propagations per initiation, was obtained as the ratio of R p to R i . Table 1 shows the kinetic parameters of MeL peroxidation in the absence and the presence of fullerenes. The presence of C 60 or C 70 resulted in a significant lowering of R p values, depending on the initial concentration. Also, the values for oxidizability k p =ð2k t Þ 1=2 and the kinetic chain length of MeL peroxidation were lowered by C 60 and C 70 . C 60 lowered the values of these kinetic parameters more effectively than C 70 . These results suggest that fullerenes react with chain-propagating peroxyl radicals and retard lipid peroxidation.
The free-radical initiator AMVN generates peroxyl radicals by thermal decomposition and subsequent addition with oxygen.
14) The resulting peroxyl radicals react with both antioxidants and lipids as chain initiators. Hence, we evaluated the reaction rates of MeL, C 60 , C 70 , and -tocopherol with AMVN-derived peroxyl radicals. MeL, C 60 , C 70 , or -tocopherol (final concentrations of 0.03-1.0 mM) was dissolved in toluene. To this was added AMVN (final concentration 30 mM), and this was incubated at 37 C with mechanical shaking. At appropriate intervals, the formation of MeLOOH or the consumption of C 60 , C 70 , andtocopherol was measured by HPLC as described above. The reaction rates of MeL, C 60 , C 70 , and -tocopherol with AMVN-derived peroxyl radicals were determined from the formation rate of MeLOOH for MeL and the consumption rates of C 60 , C 70 , and -tocopherol respectively. Figure 2 shows double logarithmic plots of the initial concentrations of MeL, C 60 , C 70 , and -tocopherol versus their reaction rates with AMVN-derived peroxyl radicals. The reaction rate of -tocopherol was inde- pendent of its initial concentration. -Tocopherol can trap lipid-peroxyl radicals very rapidly. 14, 16) Accordingly, the rate-controlling factor of this reaction was supposed to be the formation rate of peroxyl radicals from AMVN. On the other hand, the reaction rate of fullerenes and MeL with AMVN-derived peroxyl radicals increased with increases in their initial concentration. The reaction rates of C 60 and C 70 at their initial concentrations were only about 10-and 6-times higher than that of MeL respectively. It has been reported that the rate constant for trapping cumylperoxyl radicals by C 60 is 3:1 Â 10 2 M À1 s À1 . 17) Such low reactivity of fullerene molecules reflects the fact that these are extremely weak chain-braking antioxidants against lipid peroxidation.
Although C 60 and C 70 have been found to be chemically much less reactive against peroxyl radicals, the multiple reaction sites of these molecules might contribute their antioxidative ability. 1) In addition, C 60 and C 70 reacted with some alkyl radicals very rapidly. The rate constants for these reactions were in a range of 10 8 -10
À1 s À1 . 8, 18) Therefore, further studies on the trapping reaction of chain-initiating carbon-centered radicals by C 60 and C 70 are necessary to elucidate the antioxidative capacity of fullerenes.
